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$EVWUDFW

/LJKWV�DQG�IDQV�LQ�PDQ\�FODVVURRPV�NHHS�UXQQLQJ�DIWHU�WKH�ODVW�VWXGHQW�KDV�OHIW��RU�ZKLOH�GD\OLJKW�LV�DOUHDG\�
HQRXJK��ZKLFK�UDLVHV�HOHFWULFLW\�ELOOV�IRU�QR�EHQHILW��(DUOLHU�VPDUW�EXLOGLQJ�VWXGLHV�XVXDOO\�HLWKHU�PHDVXUH�
HQHUJ\�RU�VZLWFK�DSSOLDQFHV��DQG�IHZ�RI�WKHP�MRLQ�RFFXSDQF\�VHQVLQJ��D� OHDUQHG�GHFLVLRQ�PRGHO�DQG�DQ�
LQH[SHQVLYH�ZRUNLQJ�SURWRW\SH��7KLV�SDSHU�GHVFULEHV�DQ�$,R7�SURWRW\SH�IRU�D�ODERUDWRU\�VFDOH�FODVVURRP��
$Q�(63���ERDUG� UHDGV� ,5�VHDW� VHQVRUV��DQ�/'5�DQG�D�'+7���VHQVRU�� DQG�D�5DQGRP�)RUHVW� FODVVLILHU��
WUDLQHG�RQ�������FOHDQHG�UHFRUGV�ZLWK�DQ�������VSOLW��SUHGLFWV�ZKHWKHU�WKH�OLJKW�DQG�WKH�IDQ�VKRXOG�EH�RQ��
7KH�PRGHO� UHDFKHG�������DFFXUDF\�RQ� WKH�KHOG�RXW�GDWD��ZLWK�SUHFLVLRQ�DQG�UHFDOO�EHWZHHQ�������DQG�
�������DQG�IL[HG�WKUHVKROGV��OLJKW�OHYHO��������WHPSHUDWXUH�������&��NHHS�WKH�EHKDYLRXU�SUHGLFWDEOH��7KH�
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FLUFXLW�ZDV�VLPXODWHG�RQ�WKH�9HO[LR�SODWIRUP��WKH�SURWRW\SH�ZDV�GHPRQVWUDWHG�DW�WKH�SURMHFW�H[KLELWLRQ�RQ�
���2FWREHU�������DQG�LWV�DSSUR[LPDWH�FRVW�LV�5V���������&RPSDULQJ�DOZD\V�RQ�RSHUDWLRQ�ZLWK�FRQWUROOHG�
RSHUDWLRQ�VXJJHVWV�VDYLQJV�RI�URXJKO\���±�����EXW�WKLV�LV�DQ�HVWLPDWH�WKDW�VWLOO�QHHGV�PHWHUHG�FRQILUPDWLRQ�

.H\ZRUGV� $,R7�� 6PDUW� &ODVVURRP�� 2FFXSDQF\� 0RQLWRULQJ�� (QHUJ\� 2SWLPL]DWLRQ�� (63���� 5DQGRP�
)RUHVW��,QWHUQHW�RI�7KLQJV�

,QWURGXFWLRQ

/LJKWLQJ��IDQV�DQG�FRROLQJ�DFFRXQW�IRU�PXFK�RI�WKH�HOHFWULFLW\�XVHG�E\�VFKRROV�DQG�FROOHJHV��DQG�D�JRRG�
VKDUH�LV�ORVW�ZKHQ�DSSOLDQFHV�DUH�OHIW�UXQQLQJ�LQ�HPSW\�RU�EULJKWO\�OLW�URRPV��6ZLWFKLQJ�E\�KDQG�GHSHQGV�RQ�
SHRSOH�UHPHPEHULQJ�WR�GR�LW��DQG�PRVW�LQVWLWXWLRQV�KROG�QR�UHFRUG�VKRZLQJ�KRZ�D�SDUWLFXODU�URRP�LV�DFWXDOO\�
XVHG��/RZ�FRVW�,R7�KDUGZDUH�DQG�FRPSDFW�PDFKLQH�OHDUQLQJ�PRGHOV�QRZ�PDNH�LW�SUDFWLFDO�WR�REVHUYH�D�
URRP�FRQWLQXRXVO\�DQG�OHW�D�FRQWUROOHU�VZLWFK�DSSOLDQFHV�RQO\�ZKHQ�WKH\�DUH�QHHGHG�

$UWLILFLDO�,QWHOOLJHQFH�RI�7KLQJV��$,R7��MRLQV�,R7�VHQVLQJ�DQG�FRQQHFWLYLW\�ZLWK�$,�EDVHG�DQDO\VLV��,Q�WKH�
FODVVURRP�SURWRW\SH�VWXGLHG�KHUH��,5�VHQVRUV�VKRZ�ZKLFK�VHDWV�DUH�WDNHQ��DQ�/'5�UHSRUWV�WKH�OLJKW�OHYHO��
DQG�D�'+7���JLYHV�WHPSHUDWXUH�DQG�KXPLGLW\��$Q�(63���UHDGV�WKHVH�YDOXHV��GULYHV�D�UHOD\�VZLWFKHG�IDQ�
DQG�DQ�/('��VKRZV� WKH�VWDWXV�RQ�D������LQFK�2/('�DQG�DSSHQGV�HYHU\�UHDGLQJ� WR�D�&69�ILOH��ZKLOH�D�
5DQGRP�)RUHVW�PRGHO�VXSSOLHV�WKH�21�2))�GHFLVLRQ�

:RUN� SXEOLVKHG� EHWZHHQ� ����� DQG� ����� DSSOLHV� PDFKLQH� OHDUQLQJ�� GHHS� OHDUQLQJ� DQG� UHLQIRUFHPHQW�
OHDUQLQJ� WR� FODVVURRP� HQHUJ\� SUHGLFWLRQ�� RFFXSDQF\� HVWLPDWLRQ� DQG� WKH� FRQWURO� RI� OLJKWLQJ� DQG� DLU�
FRQGLWLRQLQJ�>�@±>��@��5HODWHG�WUHQGV�LQFOXGH�HGJH�FRPSXWLQJ�RQ�LQH[SHQVLYH�PLFURFRQWUROOHUV�IRU�IDVW�ORFDO�
FRQWURO��FORXG�GDVKERDUGV�IRU�UHPRWH�PRQLWRULQJ��DQG�VXVWDLQDELOLW\�WDUJHWV�WKDW�DLP�WR�VKULQN�WKH�FDUERQ�
IRRWSULQW�RI�EXLOGLQJV��7KH�SULYDF\�RI�RFFXSDQF\�GDWD�� IRU�H[DPSOH� WKURXJK�HQFU\SWHG� WUDQVPLVVLRQ�DQG�
UROH�EDVHG�DFFHVV��LV�DOVR�UHFHLYLQJ�DWWHQWLRQ�

7KH�FRQWULEXWLRQV�RI�WKLV�SDSHU�DUH���L��D�UHYLHZ�RI�WZHQW\�UHFHQW�VWXGLHV�DQG�WKH�JDS�WKH\�OHDYH���LL��D�ILYH�
OD\HU��ORZ�FRVW�DUFKLWHFWXUH�WKDW�FRPELQHV�RFFXSDQF\�VHQVLQJ��OHDUQHG�GHFLVLRQV��DXWRPDWLF�FRQWURO��GLVSOD\�
DQG�ORJJLQJ���LLL��D�5DQGRP�)RUHVW�PRGHO�ZLWK�WKUHVKROG�ORJLF�IRU�OLJKW�DQG�IDQ�FRQWURO��HYDOXDWHG�ZLWK�
DFFXUDF\��SUHFLVLRQ�DQG�UHFDOO��DQG��LY��D�VLPXODWLRQ��D�ZRUNLQJ�SURWRW\SH�DQG�D�FRVW�DQDO\VLV��7KH�SDSHU�LV�
RUJDQLVHG�DV�IROORZV��WKH�5HODWHG�:RUN�VHFWLRQ�UHYLHZV�WKH�OLWHUDWXUH��WKH�3UREOHP 6WDWHPHQW�DQG�2EMHFWLYHV�
VHFWLRQ�VWDWHV�WKH�SUREOHP��WKH�3URSRVHG�6\VWHP�$UFKLWHFWXUH�DQG�0HWKRGRORJ\�VHFWLRQV�SUHVHQW�WKH�GHVLJQ��
WKH�,PSOHPHQWDWLRQ�DQG�5HVXOWV�VHFWLRQ�UHSRUWV�WKH�ILQGLQJV��DQG�WKH�UHPDLQLQJ�VHFWLRQV�FRYHU�GLVFXVVLRQ��
HWKLFDO�DQG�VXVWDLQDELOLW\�DVSHFWV��DQG�WKH�FRQFOXVLRQ�ZLWK�IXWXUH�VFRSH�

5HODWHG�:RUN

$��6HDUFK�6WUDWHJ\

&DQGLGDWH� SDSHUV� FDPH� IURP� 6FLHQFH'LUHFW�� 6FLHQWLILF� 5HSRUWV�� 0'3,�� )URQWLHUV� DQG� *RRJOH� 6FKRODU��
VHDUFKHG� ZLWK� WHUPV� OLNH� VPDUW� FODVVURRP� HQHUJ\�� PDFKLQH�OHDUQLQJ� RFFXSDQF\� GHWHFWLRQ�� ,R7� HQHUJ\�
PRQLWRULQJ�IRU�HGXFDWLRQDO�EXLOGLQJV�DQG�FODVVURRP�HQHUJ\�SUHGLFWLRQ��:H�NHSW�WZHQW\�VWXGLHV�IURP�����±
�����GHDOLQJ�ZLWK�HQHUJ\�SUHGLFWLRQ��RFFXSDQF\�HVWLPDWLRQ�RU�VPDUW�FRQWURO�LQ�HGXFDWLRQDO�EXLOGLQJV�DQG�
GURSSHG�DQ\WKLQJ�RXWVLGH�WKDW�VHWWLQJ�
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%��(QHUJ\�3UHGLFWLRQ

7KH� ILUVW� JURXS� RI� VWXGLHV� IRUHFDVWV� FRQVXPSWLRQ��5DQGRP�)RUHVW�� JUDGLHQW� ERRVWLQJ�� /670�DQG�'11�
PRGHOV�ZHUH�FRPSDUHG�RQ�HGXFDWLRQDO�EXLOGLQJ�GDWD�LQ�>�@��>��@�DQG�>��@��DQG�FODVVURRP�OHYHO�ZRUN�IRXQG�
WKDW�VWXGHQW�FRXQW�DQG�FOLPDWH�YDULDEOHV�PDWWHU� IRU�SUHGLFWLRQ�>��@�� >��@��&DPSXV�VFDOH�IRUHFDVWLQJ�ZLWK�
EHKDYLRXUDO�GDWD�>��@��SUHGLFWLRQ�RI�WKHUPDO�DQG�YLVXDO�FRPIRUW�>��@��HIILFLHQF\�VWXGLHV�WKDW�DOVR�FRQVLGHU�
LQGRRU�DLU�TXDOLW\�>�@�DQG�ORQJ�WHUP�SUHGLFWLRQ�ZLWK�RSWLPL]HG�$,�PRGHOV�>��@�H[WHQG�WKLV�OLQH��7KHVH�ZRUNV�
DUH�VWURQJ�RQ�SUHGLFWLRQ�EXW�GR�QRW�FORVH�WKH�ORRS�E\�VZLWFKLQJ�DSSOLDQFHV�LQ�D�VPDOO�URRP�

&��2FFXSDQF\�(VWLPDWLRQ�DQG�&RQWURO

7KH�VHFRQG�JURXS�HVWLPDWHV�KRZ�PDQ\�SHRSOH�DUH�SUHVHQW�DQG�XVHV�WKH�HVWLPDWH�IRU�FRQWURO��(QYLURQPHQWDO�
VHQVRU�VWUHDPV�FDQ�UHYHDO�RFFXSDQF\�ZLWKRXW�LQWUXVLYH�GHYLFHV�>��@��GHHS�PRGHOV�VXFK�DV�D�0DPED�EDVHG�
SUHGLFWRU� >�@� DQG�PXOWL�REMHFWLYH�RSWLPL]HUV� >�@� VXSSRUW�+9$&�DQG� HQHUJ\�GHFLVLRQV�� DQG�YLVLRQ�EDVHG�
V\VWHPV�KDYH�EHHQ�DSSOLHG�WR DLU�FRQGLWLRQLQJ�FRQWURO�DQG�FRPIRUW�RSWLPL]DWLRQ�>�@��>��@��&DPHUDV�UDLVH�
SULYDF\�FRQFHUQV�DQG�QHHG�PRUH�LQIUDVWUXFWXUH��DQG�WKH�DGYDQFHG�PRGHOV�DUH�KHDY\�IRU�D�PLFURFRQWUROOHU�

'��,R7�0RQLWRULQJ�DQG�&RQWURO�6\VWHPV

7KH�WKLUG�JURXS�EXLOGV�ZRUNLQJ�V\VWHPV��DQ�HPEHGGHG�VPDUW�FODVVURRP�ZLWK�DWWHQGDQFH��SRZHU�PHWHULQJ�
DQG� DXWRPDWLF� OLJKWLQJ� >�@�� $,�DVVLVWHG� FODVVURRP� PRQLWRULQJ� IRU� VSDFH� XWLOL]DWLRQ� >�@�� OHFWXUH�URRP�
RFFXSDQF\�DQG�HQHUJ\�PRQLWRULQJ�>��@��DQG�%,0�,,R7�RU�UHLQIRUFHPHQW�OHDUQLQJ�HQHUJ\�PDQDJHPHQW�>�@��
>�@��$�V\VWHPDWLF�UHYLHZ�UHSRUWV�WKDW�LQWHJUDWLQJ�VPDUW�HQHUJ\�V\VWHPV�ZLWK�RFFXSDQW�EHKDYLRXU�UHPDLQV�
GLIILFXOW�>��@�

(��&RPSDULVRQ�DQG�5HVHDUFK�*DS

7DEOH����6XPPDU\�RI�WKH�UHYLHZHG�OLWHUDWXUH�E\�WKHPH

7KHPH :RUNV 2EVHUYHG�OLPLWDWLRQ
(QHUJ\�SUHGLFWLRQ >�@�� >�@±>��@�� >��@�� >��@�� >��@��

>��@��>��@
%XLOGLQJ� RU� FDPSXV�OHYHO� IRUHFDVWV�� VHOGRP� D�
UHDO�WLPH�FRQWUROOHU

2FFXSDQF\�
HVWLPDWLRQ

>�@±>�@��>��@��>��@ 9LVLRQ�RU�GHHS�PRGHOV��FDPHUD�QHHGV�DQG�KLJK�
FRPSXWDWLRQ

,R7� PRQLWRULQJ� DQG�
FRQWURO

>�@±>�@��>�@��>��@ +HDY\� LQIUDVWUXFWXUH�� RU� QR� FHQWUDO� $,�
FRPSRQHQW�>��@

6\VWHPDWLF�UHYLHZ >��@ 5HYLHZ�RQO\��QR�SURWRW\SH�RU�PRGHO

7DNHQ� WRJHWKHU�� H[LVWLQJ� V\VWHPV� PRVWO\� HLWKHU� PRQLWRU� HQHUJ\� RU� FRQWURO� DSSOLDQFHV�� IHZ� FRPELQH�
RFFXSDQF\� GHWHFWLRQ� ZLWK�$,�EDVHG� SUHGLFWLRQ�� UHDO�WLPH� VHQVRU�SOXV�0/� LQWHJUDWLRQ� IRU� FODVVURRPV� LV�
OLPLWHG��DQG�ORZ�FRVW�RSWLPL]DWLRQ�RI�OLJKWV�DQG�IDQV�ZLWK�ORJJLQJ�LV�UDUHO\�RIIHUHG�LQ�RQH�SDFNDJH��7UHH�
EDVHG�PRGHOV�VXFK�DV�5DQGRP�)RUHVW�VXLW�VPDOO�WDEXODU�VHQVRU�GDWD�DQG�JDYH�JRRG�UHVXOWV�RQ�FODVVURRP�
HQHUJ\�WDVNV�>��@��>��@��>��@��ZKLOH�,5�VHDW�VHQVRUV�DUH�FKHDS�DQG�FDSWXUH�QR�LPDJHV��7KLV�PRWLYDWHV�DQ�
LQWHJUDWHG�� ORZ�FRVW�SURWRW\SH�WKDW�XQLWHV� ,R7�VHQVLQJ��0/�EDVHG�GHFLVLRQV��DXWRPDWLF�UHOD\�FRQWURO�DQG�
OLYH�PRQLWRULQJ�
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3UREOHP�6WDWHPHQW�DQG�2EMHFWLYHV

3UREOHP� 7KH� DLP� LV� WR� GHVLJQ� DQ�$,R7�EDVHG� VPDUW� FODVVURRP� V\VWHP� WKDW� XVHV� OLYH� VHQVRU� GDWD� DQG�
PDFKLQH�OHDUQLQJ�WR�GHWHFW�KRZ�PDQ\�VWXGHQWV�DUH�SUHVHQW��PRQLWRU�HQYLURQPHQWDO�FRQGLWLRQV�DQG�RSWLPL]H�
HQHUJ\� XVH�� VR� WKDW� ZDVWH� LV� UHGXFHG� ZKLOH� WKH� URRP� VWD\V� FRPIRUWDEOH� DQG� WKH� OHDUQLQJ� HQYLURQPHQW�
VXVWDLQDEOH�

2EMHFWLYHV� 7KH�ZRUN� VHWV� RXW� ���� WR�PRQLWRU� RFFXSDQF\�ZLWK� ,5� VHQVRUV�� ���� WR�PHDVXUH� WHPSHUDWXUH��
KXPLGLW\�DQG�OLJKW�LQWHQVLW\�ZLWK�D�'+7�VHQVRU�DQG�DQ�/'5������ WR�FOHDQ�WKH�FROOHFWHG�GDWD�DQG�WUDLQ�D�
5DQGRP�)RUHVW�RQ�LW������WR�SUHGLFW�WKH�21�2))�VWDWH�RI�WKH�OLJKW�DQG�IDQ�IURP�RFFXSDQF\��WHPSHUDWXUH��
KXPLGLW\�DQG�OLJKW�OHYHO������WR�GULYH�DQ�/('�DQG�D�'&�IDQ�WKURXJK�WKH�(63���DQG�D�UHOD\������ WR�VKRZ�
UHDGLQJV�RQ�DQ�2/('�DQG�DOORZ�UHPRWH�PRQLWRULQJ�WKURXJK�DQ�,R7�GDVKERDUG������WR�HYDOXDWH�WKH�PRGHO�
ZLWK�DFFXUDF\��SUHFLVLRQ�DQG�UHFDOO��DQG�����WR�SURPRWH�HQHUJ\�HIILFLHQW�RSHUDWLRQ�WKURXJK�RFFXSDQF\�DZDUH�
FRQWURO�

6FRSH� 7KH�VWXG\�VWD\V�DW�ODERUDWRU\�VFDOH��LW�GHVLJQV��VLPXODWHV�DQG�EXLOGV�WKH�SURWRW\SH��EXW�OHDYHV�RXW�D�
OLYH�FODVVURRP�LQVWDOODWLRQ��DLU�FRQGLWLRQHUV�DQG�RWKHU�PDLQV�ORDGV��PXOWL�URRP�UROO�RXW�DQG�ORQJ�GXUDWLRQ�
PHDVXUHPHQW�RI�UHDO�VDYLQJV�

3URSRVHG�6\VWHP�$UFKLWHFWXUH

)LJ����DUUDQJHV�WKH�GHVLJQ�LQWR�ILYH�WLHUV��6HQVRUV�IHHG�DQ�(63���FHQWUHG�SURFHVVLQJ�WLHU��D�GHFLVLRQ�WLHU�
KROGLQJ�WKH�OHDUQHG�PRGHO�VHQGV�FRPPDQGV�WR�DQ�DFWXDWRU�DQG�GLVSOD\�WLHU��DQG�D�PRQLWRULQJ�WLHU�UHFRUGV�
WKH�GDWD�DQG�FDQ�VHUYH�D�ZHE�GDVKERDUG�WKURXJK�:L�)L�

)LJ�����%ORFN�GLDJUDP�RI�WKH�SURSRVHG�$,R7�EDVHG�VPDUW�FODVVURRP�V\VWHP�
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$��/D\HUV

,QSXW�OD\HU� (DFK�VHDW�RU�EHQFK�FDUULHV�DQ�,5�VHQVRU�IRU�RFFXSDQF\��ZKLOH�WKH�/'5�VXSSOLHV�WKH�OLJKW�OHYHO�
DQG�WKH�'+7���VXSSOLHV�WHPSHUDWXUH�DQG�KXPLGLW\��7KH�SURSRVHG�GHVLJQ�DOVR�OLVWV�D�UHHG�VZLWFK�IRU�WKH�
GRRU�DQG�D�VRXQG�VHQVRU�IRU�QRLVH��3URFHVVLQJ�OD\HU� 7KH�(63���'HY.LW�9��FROOHFWV�WKHVH�UHDGLQJV�DQG�
KDQGV�WKHP�WR�WKH�PRGHO��$,�GHFLVLRQ�OD\HU� $�'HFLVLRQ�7UHH�RU�5DQGRP�)RUHVW�SLFNV�WKH�EHVW�RSHUDWLQJ�
VWDWH�IRU�WKH�OLJKW�DQG�IDQ��2XWSXW�OD\HU� 7KH�/('�DQG�WKH���9�'&�IDQ��YLD�D�UHOD\�PRGXOH��DUH�VZLWFKHG��
DQG�WKH�2/('�SUHVHQWV�OLYH�GDWD��0RQLWRULQJ�OD\HU� (DFK�UHFRUG��ZLWK�WLPH��FOLPDWH�YDOXHV��RFFXSDQF\��
GHYLFH�VWDWHV��QRLVH�DQG�GRRU�VWDWXV��LV�VWRUHG�LQ�DQ�([FHO�&69�ILOH� $���9�DGDSWHU�RU�SRZHU�EDQN�SRZHUV�
HYHU\WKLQJ�

%��:RUNLQJ�3ULQFLSOH

7KH�SURWRW\SH�ZRUNV�LQ�VHYHQ�VWHSV������6HQVLQJ� WKH�,5�VHQVRUV��/'5��'+7���DQG�WKH�RSWLRQDO�GRRU�DQG�
VRXQG�VHQVRUV�FROOHFW�GDWD�FRQWLQXRXVO\������3URFHVVLQJ� WKH�(63���UHDGV�RFFXSDQF\��OLJKW��WHPSHUDWXUH��
KXPLGLW\��QRLVH�DQG�GRRU�VWDWXV�� ����'HFLVLRQ� WKH�PRGHO�FODVVLILHV� WKH� URRP�FRQGLWLRQ�DQG�FKRRVHV� WKH�
RSHUDWLQJ�VWDWH�RI�WKH�OLJKW�DQG�IDQ������&RQWURO� ZLWK�VWXGHQWV�SUHVHQW�DQG�ORZ�OLJKW��WKH�OLJKW�DQG�IDQ�DUH�
VZLWFKHG�RQ��ZLWK�DQ�HPSW\�URRP�RU�VXIILFLHQW�OLJKW�WKH\�DUH�VZLWFKHG�RII������'LVSOD\� WKH�2/('�VKRZV�
WHPSHUDWXUH��KXPLGLW\��WKH�VWXGHQW�FRXQW��IRU�H[DPSOH�������DQG�WKH�OLJKW��IDQ�DQG�QRLVH�VWDWXV������/RJJLQJ�
DOO�UHDGLQJV�DQG�GHYLFH�VWDWHV�DUH�VWRUHG�LQ�&69�([FHO������$QDO\VLV� HVWLPDWHG�FRQVXPSWLRQ�LV�FRPSDUHG�
ZLWK�DQ�DOZD\V�RQ�FODVVURRP�WR�VKRZ�WKH�VDYLQJ�

&��+DUGZDUH�DQG�:LULQJ

7KH�SURWRW\SH�XVHV�DQ�(63���'HY.LW�9���VL[�,5�VHQVRU�PRGXOHV��DQ�/'5��D�'+7����D UHHG�VZLWFK��D�VRXQG�
VHQVRU��D������LQFK�2/('����9�UHOD\�PRGXOHV��D���9�'&�IDQ��DQ�/('��D�EUHDGERDUG�DQG�MXPSHU�ZLUHV��
6RIWZDUH�WRROV�DUH�WKH�$UGXLQR�,'(��WKH�9HO[LR�VLPXODWRU��DQG�3\WKRQ�ZLWK�VFLNLW�OHDUQ��7DEOH���OLVWV�WKH�SLQ�
PDSSLQJ�XVHG�LQ�)LJ����
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)LJ�����&LUFXLW�GLDJUDP�RI�WKH�SURWRW\SH�ZLWK�WKH�(63���SLQ�FRQQHFWLRQV�

7DEOH����(63���SLQ�PDSSLQJ

'HYLFH 'HYLFH�SLQ (63���SLQ
,5�VHQVRU 287 *3,2���
/'5�VHQVRU $2 *3,2���
'+7�����'+7�� '$7$ *3,2��
2/('�GLVSOD\��,ð&� 6'$���6&/ *3,2������*3,2���
5HOD\�PRGXOH����FKDQQHO� ,1 *3,2���
/('��WKURXJK�����ȍ� $QRGH *3,2���
3=(0����7 7;���5; *3,2������*3,2���

%HFDXVH�WKH�(63���*3,2�SLQV�WROHUDWH�RQO\�����9��QR���9�OLQH�PD\�EH�FRQQHFWHG�WR�WKHP�GLUHFWO\��7KH�UHOD\��
IDQ�DQG�3=(0�PRGXOH�WKHUHIRUH�WDNH�SRZHU�IURP�D�VHSDUDWH���9�VRXUFH�WKDW�VKDUHV�D�JURXQG�ZLWK�WKH�ERDUG��
$Q\�PDLQV�ZLULQJ�IRU�WKH�3=(0����7�HQHUJ\�PHWHU�PXVW�EH�LQVXODWHG�DQG�NHSW�DSDUW�IURP�WKH�EUHDGERDUG�

0HWKRGRORJ\

$��'HYHORSPHQW�6WDJHV

'HYHORSPHQW�SURFHHGHG�WKURXJK�HLJKW�VWHSV��VWXG\LQJ�WKH�SUREOHP�DQG�WKH�OLWHUDWXUH��FKRRVLQJ�VHQVRUV�DQG�
SDUWV��GHVLJQLQJ�DQG�VLPXODWLQJ�WKH�FLUFXLW�RQ�9HO[LR��ZULWLQJ�WKH�(63���ILUPZDUH�IRU�VHQVLQJ��WKUHVKROGV��
GLVSOD\�DQG�UHOD\�FRQWURO��SUHSDULQJ�WKH�FODVVURRP�GDWDVHW��WUDLQLQJ�DQG�WHVWLQJ�WKH�5DQGRP�)RUHVW��EXLOGLQJ�
WKH�EUHDGERDUG�SURWRW\SH�RQ�D���9�VXSSO\��DQG�ILQDOO\�LQWHJUDWLQJ��WHVWLQJ�DQG�DQDO\VLQJ�HYHU\WKLQJ�WRJHWKHU�
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%��'DWDVHW�DQG�3UHSURFHVVLQJ

7KH�FOHDQHG�GDWDVHW�FRQWDLQV�������UHFRUGV��0LVVLQJ�YDOXHV�ZHUH�KDQGOHG��<HV�1R�ILHOGV�ZHUH�HQFRGHG�DV�
����DQG�QXPHULFDO�IHDWXUHV�ZHUH�VFDOHG��7HPSHUDWXUH��KXPLGLW\��OLJKW�OHYHO�DQG�VWXGHQW�SUHVHQFH�IRUP�WKH�
LQSXW�YHFWRU��DQG�WKH�/('�DQG�IDQ�VWDWHV�DUH�WKH�RXWSXWV��7KH�GDWD�ZHUH�GLYLGHG�LQWR�����IRU�WUDLQLQJ�DQG�
����IRU�WHVWLQJ�

&��5DQGRP�)RUHVW�0RGHO�DQG�0HWULFV

$�5DQGRP�)RUHVW�LV�DQ�HQVHPEOH�RI�GHFLVLRQ�WUHHV��HDFK�JURZQ�RQ�D�UDQGRP�VDPSOH�RI�WKH�GDWD��7KH�ILQDO�
FODVV� LV� WKH�PDMRULW\�YRWH�RI� WKH� WUHHV��ZKLFK� OLPLWV�RYHU�ILWWLQJ�DQG�ZRUNV�ZHOO�RQ�VPDOO� WDEXODU�VHQVRU�
GDWDVHWV�

���

+HUH�[ VWDQGV�IRU�WKH�IHDWXUH�YHFWRU��WHPSHUDWXUH��KXPLGLW\��OLJKW�OHYHO�DQG�VWXGHQW�SUHVHQFH���KW�[��LV�WKH�
YRWH�RI�WUHH�W RQ�WKH�/('�RU�IDQ�VWDWH��DQG�ǔ�LV�WKH�UHVXOWLQJ�21�2))�SUHGLFWLRQ��0RGHO�TXDOLW\�LV�MXGJHG�
ZLWK

���

���

ZLWK�73��71��)3�DQG�)1�GHQRWLQJ�WUXH�SRVLWLYHV�� WUXH�QHJDWLYHV��IDOVH�SRVLWLYHV�DQG�IDOVH�QHJDWLYHV��7KH�
UHODWLYH�HQHUJ\�VDYLQJ�RYHU�D�FRPPRQ�SHULRG�LV

���

ZKHUH�(21 LV�WKH�DSSOLDQFH�HQHUJ\�RI�DQ�DOZD\V�RQ�URRP�DQG�($,R7 WKDW�RI�WKH�$,R7�FRQWUROOHG�URRP�

'��7KUHVKROG�/RJLF�DQG�&RQWURO�$OJRULWKP

)L[HG�WKUHVKROGV�VXSSRUW�WKH�PRGHO�DQG�PDNH�WKH�UHVSRQVH�HDV\�WR�SUHGLFW��7DEOH�����$OJRULWKP���JLYHV�WKH�
UHVXOWLQJ�FRQWURO�ORRS�

7DEOH����7KUHVKROG�YDOXHV�XVHG�LQ�WKH�FRGH

3DUDPHWHU 7KUHVKROG &RQGLWLRQ $FWLRQ
/LJKW��/'5� ����� 'DUN /('�21
7HPSHUDWXUH ������& +LJK )DQ�21
6WXGHQW�SUHVHQFH !�� 2FFXSLHG 8VH�PRGHO�SUHGLFWLRQ
+XPLGLW\ PRQLWRULQJ�RQO\ ² 0RGHO�IHDWXUH
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$OJRULWKP����2FFXSDQF\�EDVHG�DSSOLDQFH�FRQWURO

,QSXW� '+7����/'5�DQG�,5�VHQVRU�UHDGLQJV��WUDLQHG�5DQGRP�)RUHVW�

���5HDG�WHPSHUDWXUH�7 DQG�KXPLGLW\�+ IURP�WKH�'+7����OLJKW�OHYHO�/ IURP�WKH�/'5�DQG�VHDW�VWDWHV�
IURP�WKH�,5�VHQVRUV�

���&RXQW�RFFXSLHG�VHDWV�Q��VHW�SUHVHQW� �WUXH�LI�Q !���

���,I�SUHVHQW�DQG�/ �������VHW�OHG5HTXLUHG� �WUXH�

���,I�SUHVHQW�DQG�7 ��������&��VHW�IDQ5HTXLUHG� �WUXH�

���*LYH��7��+��/��SUHVHQFH��WR�WKH�5DQGRP�)RUHVW�WR�SUHGLFW�WKH�/('�DQG�IDQ�VWDWHV�

���'ULYH�WKH�/('�DQG�WKH�IDQ�UHOD\�DFFRUGLQJO\��VZLWFK�ERWK�2))�ZKHQ�WKH�URRP�LV�HPSW\�RU�OLJKW�
LV�VXIILFLHQW�

���6KRZ�WKH�VWDWXV�RQ�WKH�2/('��DSSHQG�D�UHFRUG�WR�WKH�&69�ORJ�DQG�UHSHDW�IURP�VWHS���

,PSOHPHQWDWLRQ�DQG�5HVXOWV

$��&LUFXLW�6LPXODWLRQ

7KH�9HO[LR RQOLQH�VLPXODWRU�KRVWHG�WKH�YLUWXDO�EXLOG��)LJ������DQ�(63���'HY.LW�9��ZLWK�D�'+7����DQ�/'5�
PRGXOH��DQ�66'�����2/('��D�UHOD\�IRU�WKH�'&�IDQ��DQ�/('�EHKLQG�D�VHULHV�UHVLVWRU�DQG�D�PLFUR6'�PRGXOH�
IRU�&69�ORJJLQJ��$W�VWDUW�XS�WKH�2/('�GLVSOD\V�³60$57�&/$66´�DQG�³'HPR�6WDUWLQJ���´��DQG�WKH�VHULDO�
PRQLWRU���������EDXG��SULQWV�³60$57�&/$665220�&69�'(02´�IROORZHG�E\�WKH�QXPEHU�RI�UHFRUGV�
DQG�WKH�IDQ�DQG�/('�VWDWHV�

)LJ�����&LUFXLW�VLPXODWLRQ�RQ�WKH�9HO[LR�SODWIRUP�
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%��3URWRW\SH�DQG�([KLELWLRQ

)LJ����VKRZV�WKH�SURWRW\SH��WKH�(63���DQG�LWV�VHQVRUV�VLW�RQ�D�EUHDGERDUG�LQ�D�WUDQVSDUHQW�ER[�EHVLGH�D�'&�
IDQ��,W�ZDV�SUHVHQWHG��WRJHWKHU�ZLWK�WKH�SRVWHU��WR�WKH�JXLGH�DQG�HYDOXDWRUV�DW�WKH�SURMHFW�H[KLELWLRQ�KHOG�RQ�
���2FWREHU������DW�WKH�FROOHJH�FDPSXV�LQ�&KDUKROL�%XGUXN��3LPSUL�&KLQFKZDG��ZKLOH�WKH�VLPXODWLRQ�UDQ�
OLYH�RQ�D�ODSWRS�

)LJ�����:RUNLQJ�SURWRW\SH�ZLWK�WKH�OLYH�VLPXODWLRQ�

&��0RGHO�3HUIRUPDQFH

7DEOH���JLYHV�WKH�UHVXOWV�RQ�WKH�WHVW�SRUWLRQ�RI�WKH�GDWD��DQG�)LJ����VXPPDUL]HV�WKH�WUDLQLQJ�ZRUNIORZ��WKH�
PRGHO�UHVXOWV�DQG�WKH�WKUHVKROG�ORJLF��7KH�PRGHO�SUHGLFWHG�DSSOLDQFH�VWDWHV�ZLWK�KLJK�DFFXUDF\��DQG�WKH�
WKUHVKROGV�PDNH�WKH�EHKDYLRXU�SUHGLFWDEOH��ZKHQ�WKH�WHPSHUDWXUH�ULVHV�IURP�����&�WR�����&�WKH�IDQ�VZLWFKHV�
IURP�2))�WR�21��DQG�ZKHQ�WKH�OLJKW�OHYHO�GURSV�IURP���� WR�����WKH�/('�VZLWFKHV�IURP�2))�WR�21�

7DEOH����5DQGRP�)RUHVW�SHUIRUPDQFH�RQ�WKH�WHVW�VHW

0HWULF 9DOXH
$FFXUDF\ �����
3UHFLVLRQ��/('� �����
5HFDOO��/('� �����
3UHFLVLRQ��)DQ� �����
5HFDOO��)DQ� �����
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)LJ�����5DQGRP�)RUHVW�WUDLQLQJ�ZRUNIORZ��SHUIRUPDQFH�VXPPDU\�DQG�WKUHVKROG�ORJLF�

'��(QHUJ\�6DYLQJ�DQG�&RVW

$�SORW�RI�DOZD\V�RQ�FODVVURRP�HQHUJ\�DJDLQVW�$,R7�FRQWUROOHG�HQHUJ\�IRU���$0�WR���30�SRLQWV�WR�D�SRVVLEOH�
VDYLQJ�RI�DERXW���±�����7KLV�ILJXUH�FRPHV�IURP�VLPXODWHG�DQG�DQDO\VHG�GDWD��LW�VKRXOG�EH�FRQILUPHG�E\�
PHWHULQJ��IRU�H[DPSOH�ZLWK�WKH�3=(0����7��LQ�D�UHDO�FODVVURRP��7KH�HVWLPDWHG�FRVW�RI�WKH�SURWRW\SH�LV�
DERXW�5V���������URXJKO\�5V����������ZLWK�WKH�(63���ERDUG�DW�5V�������WKH�'+7���DW�5V�������VL[�,5�PRGXOHV�
DW�5V������DQG�WKH���9�DGDSWHU�DW�5V������DV�WKH�ODUJHU�LWHPV��DOO�SULFHV�DUH�DSSUR[LPDWH�PDUNHW�HVWLPDWHV�

'LVFXVVLRQ

$SSOLFDWLRQV� 7KH�V\VWHP�VXLWV�FODVVURRPV��ODERUDWRULHV��VHPLQDU�KDOOV�DQG�OHFWXUH�WKHDWUHV��DQG�FDQ�H[WHQG�
WR� RIILFHV�� PHHWLQJ� URRPV�� OLEUDULHV� DQG� KRVWHOV�� RU� WR� D� ZKROH� FDPSXV� IRU� HQHUJ\� PDQDJHPHQW� DQG�
RFFXSDQF\�DQDO\WLFV�

$GYDQWDJHV� /LJKWV�DQG�IDQV�IROORZ�RFFXSDQF\��OLJKW�OHYHO�DQG�WHPSHUDWXUH��ZKLFK�FXWV�ZDVWH��WKH�EXLOG�LV�
LQH[SHQVLYH�DQG�XVHV�HDVLO\�DYDLODEOH�SDUWV��UHDGLQJV�DSSHDU�OLYH�RQ�WKH�2/('�DQG�DUH�ORJJHG�IRU�DQDO\VLV��
WKUHVKROG� ORJLF�NHHSV� WKH� UHVSRQVH�SUHGLFWDEOH�DORQJVLGH�D�PRGHO�ZLWK������� WHVW�DFFXUDF\�� ,5�VHQVLQJ�
FDSWXUHV�QR�LPDJHV��DQG�WKH�PRGXODU�GHVLJQ�FDQ�WDNH�D�GDVKERDUG��PRUH�VHQVRUV�DQG�PRUH�URRPV�

/LPLWDWLRQV� %HFDXVH� WKH�SURWRW\SH� UHOLHV�RQ� D�'&� IDQ�� DQ�/('�DQG� D� EUHDGERDUG�� LW� KDV�QHLWKHU�EHHQ�
LQVWDOOHG�LQ�D�UHDO�URRP�QRU�FRQQHFWHG�WR�PDLQV�ORDGV��,5�VHQVRUV�UHSRUW�VHDW�OHYHO�SUHVHQFH�RQO\�DQG�DUH�
VHQVLWLYH�WR�DPELHQW�OLJKW�DQG�PRXQWLQJ�SRVLWLRQ��7KH���±����VDYLQJ�LV�DQ�HVWLPDWH�DQG�ODFNV�ORQJ�WHUP�
ILHOG�GDWD��:LWK�RQO\�������UHFRUGV��WKH�PRGHO�ZLOO�SUREDEO\�QHHG�UHWUDLQLQJ�IRU�RWKHU�URRPV�DQG�VHDVRQV�
DQG�DQ\�DLU�FRQGLWLRQHU�RU�PDLQV�FRQWURO�FDOOV�IRU�H[WUD�HOHFWULFDO�VDIHW\�PHDVXUHV�
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(WKLFDO��6RFLHWDO�DQG�6XVWDLQDELOLW\�&RQVLGHUDWLRQV

/RJV�RI�RFFXSDQF\�UHYHDO�KRZ�D�VSDFH�LV�XVHG��VR�WKH�V\VWHP�VKRXOG�NHHS�RQO\�ZKDW�LW�QHHGV�DQG�OLPLW�ZKR�
FDQ�RSHQ�WKH�ORJV�DQG�GDVKERDUGV��,5�VHQVLQJ�UHJLVWHUV�SUHVHQFH�ZLWKRXW�UHFRUGLQJ�LPDJHV��ZKLFK�LV�JHQWOHU�
RQ� SULYDF\� WKDQ� FDPHUDV��$�ZURQJ� SUHGLFWLRQ� FRXOG� OHDYH� DQ� RFFXSLHG� URRP� GDUN� RU� KRW�� VR� D�PDQXDO�
RYHUULGH�PXVW�VWD\�DYDLODEOH�DQG�XQXVXDO�HYHQWV�VKRXOG�EH�UHFRUGHG�

6RFLHWDO�EHQHILWV�LQFOXGH�ORZHU�HOHFWULFLW\�XVH�DQG�RSHUDWLQJ�FRVW��D�FRPIRUWDEOH�OHDUQLQJ�VSDFH�DQG�GDWD�
GULYHQ�IDFLOLW\�GHFLVLRQV��SRVVLEOH�GUDZEDFNV�DUH�RYHU�UHOLDQFH�RQ�DXWRPDWLRQ��PLVXVH�RI�RFFXSDQF\�GDWD�
DQG�HOHFWURQLF�ZDVWH�IURP�VHQVRUV�DQG�ERDUGV��6ZLWFKLQJ�DSSOLDQFHV�RII�LQ�HPSW\�RU�ZHOO�OLW�URRPV�ORZHUV�
GHPDQG�DQG�WKH�DVVRFLDWHG�FDUERQ�IRRWSULQW��DQG�WKH�ORZ�SRZHU�KDUGZDUH�FRXOG�ODWHU�EH�SDLUHG�ZLWK�VRODU�
SRZHU��7KH�ZRUN�DOLJQV�ZLWK�6'*��� �$IIRUGDEOH� DQG�&OHDQ�(QHUJ\���6'*��� �,QGXVWU\�� ,QQRYDWLRQ� DQG�
,QIUDVWUXFWXUH���6'*�����6XVWDLQDEOH�&LWLHV�DQG�&RPPXQLWLHV���6'*�����5HVSRQVLEOH�&RQVXPSWLRQ�DQG�
3URGXFWLRQ��DQG�6'*�����&OLPDWH�$FWLRQ��

&RQFOXVLRQ�DQG�)XWXUH�6FRSH
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